We present a review of imaging deep-tissue structures with multiphoton microscopy. We examine the effects of light scattering and absorption due to the optical properties of biological sample and identify 1300 nm and 1700 nm as ideal excitation wavelengths. We summarize the availability of fluorophores for multiphoton microscopy as well as ultrafast laser sources to excite available fluorophores. Lastly, we discuss the applications of multiphoton microscopy for neuroscience.
Introduction
The quest for new techniques capable of rapid, threedimensional imaging with cellular resolution in intact tissues has fueled rapid advances in optical microscopy. Two-photon fluorescence microscopy (2PM), developed in the 1990's [1] , is the most widely adopted method for minimally invasive in vivo brain imaging due to its ability to image in three dimensions. Recent in vivo imaging of neuronal circuits [2e4] and vascular networks [5, 6] in the brain with micron-scale resolution has revealed significant new insight into cortical function and organization. Three-dimensional multiphoton imaging is possible because of a nonlinear dependence on excitation intensity, which confines two-photon fluorescence generation to the focal volume [7] . The resulting imaging depth is significantly greater than in confocal fluorescence microscopy due to the longer excitation wavelength [8] and the ability to detect multiply scattered emission photons. However, the imaging depth for most 2PM imaging studies is around 500 mm, which is sufficient to image superficial cortical layers in rodent experiments. This limitation on penetration depth arises from light scattering and absorption of tissue, both of which are wavelength dependent.
Traditional 2PM relies on Ti:Sapphire (Ti:S) lasers because of their ability to output mode-locked ultrafast pulses with high average powers, and their ability to excite a variety of fluorophores with one-photon absorption peaks in the visible range. Due to their reliability and robustness, Ti:S lasers have served as the workhorse of 2PM for the last 25 years and are commercially available from multiple laser companies as turn-key systems. While 2PM with Ti:S lasers substantially increases imaging depth relative to other optical microscopy approaches like confocal microscopy, Ti:S lasers are not optimized for deep imaging. To push the imaging depth further and visualize the entire mouse cortex (which is about 1 mm thick) and beyond, many new tools have been developed.
To appreciate the recent development of tools that extend the imaging depth of 2PM, it is important to understand that the optical properties of the biological sample serve as the fundamental limiting factors for imaging depth. Both excitation light and emission light are attenuated by absorption and scattering in biological tissue. Scattering and absorption effects vary by wavelength; thus, approaches to extend imaging depth focus on optimizing the excitation wavelengths, emission wavelengths, or a combination of both. The development of longer wavelength laser sources aims to reduce the scattering of excitation light. The advent of brighter fluorophores aims to both increase the amount of excitation light absorbed by the fluorophore as well as increase the likelihood that the fluorophore emits a fluorescent photon after absorption, and red-shifted fluorophores reduce the scattering effects of the emission light.
(m a ), respectively, impact imaging depth by attenuating both the excitation laser light and emitted fluorescence, ultimately reducing the number of signal photons that reach the detector. The amount of scattered light decreases with increasing wavelength; however, absorption due to water increases significantly near 1500 nm and beyond 1800 nm. Figure 1 illustrates this wavelengthdependent effect by showing the normalized fraction of photons (blue line) that reach a depth of 1 mm for wavelengths from 700 to 2400 nm. Any scattered excitation light does not contribute to the multiphoton absorption process, so the fraction of photons of wavelength, l, reaching a depth, z, can be modeled as exp[À(m a (l) þ m s (l))z]. The wavelength dependence of absorption is governed by water absorption, while the wavelength dependence of scattering is significantly more complex and difficult to measure, but is commonly approximated as m s (l) = a/(1 À g)(l/500) Àb , where g is the scattering anisotropy and is usually assumed to be approximately 0.9 for biological tissues [9] . Under this approximation, the scattering coefficient is determined by the values of a and b, which can vary considerably, even for brain tissue [9] . The scaling factor a and scattering power b are parameters used to characterize the scattering coefficient. Figure 1 illustrates the contributions of scattering and absorption in biological tissue. The solid blue line is calculated using average values for brain optical properties (g = 0.9, a = 1.1 mm À1 , b = 1.37, water content = 75%) [9] . The plot demonstrates that 15 times more photons reach a depth of 1 mm using a wavelength of 1300 nm versus 800 nm, and 1.8 times more photons at 1700 nm versus 1300 nm. There is an additional peak near 2200 nm; however, it is in a red-shaded region indicating that more than 50% of the photons are absorbed by tissue. Although scattering and absorption attenuate photons with equal magnitude from a physics perspective, they are not equal from a physiological perspective. Excessive absorption is harmful to biological samples because it causes tissue heating. Wavelength regions in which >50% of photons are absorbed may not be viable for deep imaging without significant cause for concern due to excessive heating of tissue; thus, the peak at 2200 nm is not feasible for deep imaging. However, the peaks near 1300 nm and 1700 nm are viable and are the optimal wavelengths for deep imaging. At 1300 nm, conventional fluorophores may undergo two-or three-photon excitation depending on the fluorophore absorption characteristics, whereas most fluorophores undergo three-photon excitation at 1700 nm. We will use the term multiphoton microscopy (MPM) to collectively refer to fluorescence microscopy using two-or three-photon excitation, or any higher order excitation.
Laser sources for deep imaging
Ti:S lasers have dominated the 2PM field because they reliably produce wavelength-tunable ultrafast pulses with high average power. Modern Ti:S lasers are robust, turn-key systems that enable routine 2PM imaging; however, they are not the optimal source for deep imaging within biological tissue. There are several approaches to increase imaging depth by reducing the effects of scattering in brain tissue while avoiding deleterious water absorption regions. A recent approach, adopted from astronomy, is the use of adaptive optics to shape the wavefront of excitation light to overcome tissue scattering [10] . An imaging depth of 700 mm was reached in mouse cortex using adaptive optics [11] . Another approach is to increase the pulse energy of a laser source such that a greater number of photons per pulse penetrate to deeper tissue. Ti:S lasers typically produce pulse energies on the order of 10 nJ for repetition rates around 80 MHz. Using a Ti:S laser as a seed for a regenerative amplifier, pulse energies on the order of microjoules can be attained for repetition rates between 100 and 500 kHz. Using a regeneratively amplified Ti:S laser at a wavelength of 925 nm and repetition rate of 200 kHz, Theer et al. (2003) achieved an imaging depth of 1 mm [12] . A third approach to deep in vivo imaging is to use longer excitation wavelengths for which scattering effects are not as significant. Ti:S lasers typically have a wavelength maximum near 1000 nm. An optical parametric , b = 1.37, water content = 75%) [9] is demarcated by the blue line. Regions shaded in red indicate areas in which 50% or more of photons are absorbed, as calculated by the red line (dashed red indicates below 50%; solid red indicates over 50%). Available laser options are outlined for their respective wavelength range (Yb = ytterbium, 2C2P = twophoton two-color of Yb fiber laser and diamond laser, Er = erbium, OPO = optical parametric oscillator, OPA = optical parametric amplifier). oscillator (OPO), typically pumped by a Ti:S laser, offers a tunable wavelength range from w1000 nm to 1600 nm and beyond in some setups. Kobat et al. (2011) demonstrated an imaging depth of 1.6 mm using an OPO at 1280 nm with a pulse energy of 1.5 nJ [13] . A fourth approach is to utilize a long wavelength source with high pulse energy. An optical parametric amplifier (OPA) offers both a tunable wavelength range from w1000 nm to 1600 nm and pulse energies on the order of hundreds of nanojoules. Miller et al. (2017) demonstrated an imaging depth of 1.5 mm with an OPA at 1215 nm with a pulse energy of 400 nJ [14] . To achieve wavelengths near 1700 nm with high pulse energy, Horton et al. (2013) pumped a photonic-crystal rod with a 1550 nm erbium fiber laser to soliton selffrequency shift the wavelength to 1675 nm [8] . The output soliton had a pulse energy of 67 nJ, with which Horton et al. demonstrated an imaging depth of 1.4 mm.
Driven by advances in fiber laser technology, there are many turn-key systems that provide longer excitation wavelengths. Common systems include ytterbium fiber lasers (l = 1030e1070 nm, pulse energy = 1 nJe40 mJ, repetition rate = 500 kHze100 MHz) as well as fiberlaser-pumped optical parametric oscillators (l = 1000e1600 nm, pulse energy = 1 nJe1 mJ, repetition rate = 1 kHze80 MHz) and optical parametric amplifiers (l = 1000e1600 nm, pulse energy = 10 nJe10 mJ, repetition rate = 1 kHze 10 MHz). These systems are being widely adopted for neuroscience investigations due to their reliability and increased imaging depth capabilities.
Availability of fluorophores
The discovery and development of bright, biocompatible contrast agents that excite at longer wavelengths is a crucial aspect to the advancement of in vivo MPM [15] . Fluorophores that excite near 1300 nm or 1700 nm are of particular interest due to minimal absorbance by water and reduced scattering. Exogenous fluorophores used for MPM can be categorized in two groups: organic and inorganic contrast agents [16] . The former class encompasses conventional organic dyes such as Texas red, fluorescein, and indocyanine green, which are extremely popular due to minimal aggregation issues and low cytotoxicity [17] . However, it is difficult to control the excitation and emission wavelengths of these dyes since their spectra are dependent on their chemical structure. In addition, fluorescent dyes commonly exhibit low quantum yields in aqueous environments, which reduces brightness in biological settings [16] . The latter category, inorganic probes, includes the well-established quantum dot, bright fluorescent semiconductor nanocrystals with broad absorption and discrete, tunable emission wavelengths that are highly resistant to photobleaching [18, 19] . Recently, the polymer dot has emerged as an even brighter, comparable alternative to quantum dots with decreased cytotoxicity [20e22] . Endogenous fluorescent proteins (FPs) offer a viable alternative to both organic and inorganic external contrast agents and can be used to label specific structures either by functionalization or genetic encoding. The selection of an appropriate FP for an imaging experiment involves careful consideration of factors such as brightness, photostability, and specificity [23] . In the past, the adoption of far-red variants of FPs has been obfuscated by their low brightness, but mKate, the pseudomonomeric tdKatushka2, and tdTomato collectively represent a new generation of bright, far-red emitters with substantial potential for deep in vivo imaging [24, 25] . Figure 2 summarizes the peak two-photon absorption cross sections of various fluorophores reported in the literature.
Importantly, a probe can provide functionality beyond simply providing contrast; for instance, more sophisticated fluorescent sensors can be used to report on oxygen distributions in vivo [31, 32] or monitor the activity of distinct neurons in brain tissue [33] . Indicators of neuronal activity rely on sensitivity to calcium ions (a proxy for action potentials), membrane potentials, or neurotransmitters [34] . In particular, genetically encoded calcium indicators (GECIs) have garnered attention and popularity within the neuroscience community despite challenges related to rapid calcium dynamics and low peak calcium accumulations [35] . Advances in protein engineering, structure based-design, and mutagenesis has produced a family of ultrasensitive protein calcium sensors (GCaMP6) that vastly outperform other indicators in terms of both sensitivity and reliability [36e38]. These sensors can be used to visualize large groups of neurons in addition to smaller synaptic protrusions, and remain stable for months [39] . The GCaMP6 family will undoubtedly be used to answer significant questions in neuroscientific research and recent work has even enabled functional imaging of the hippocampus at a w1 mm depth in mice [40] . Nevertheless, optimization of red GECIs has not kept pace with GFP-based designs and future research efforts will hopefully continue to improve the properties and application of these sensors [41] .
Regardless of their function, characterization of the nonlinear properties of existing contrast agents to determine their compatibility with longer-wavelength excitation sources is a crucial first step towards their adoption as probes for MPM. There is a myriad of properties by which one can evaluate fluorophores, but action cross-section measurements, a product of absorption cross-section and quantum yield, are a particularly useful metric to evaluate brightness [42] . Unfortunately, accurate determination of cross-sections is a complicated endeavor that requires detailed information of the spectral properties of a chromophore, sample concentration, and a well-characterized standard [27, 43] . As a result, the nonlinear properties of very few fluorophores have been reported, and in those limited instances, analysis has been limited to nonphysiological solvents at wavelengths below 1300 nm [44e48] . This wavelength limitation is in part due to the absence of reliable longer wavelength, ultrafast laser systems; however, given recent technological advances, two-and three-photon cross section measurements near 1700 nm are now achievable. Thus, the MPM community is engaged in a broad push to report cross section values at higher order regimes in order to take full advantage of the potential of available contrast agents and optimize experimental designs. Such recent work has demonstrated three-photon imaging of Texas Red and RFP at 1700 nm [8] , threephoton cross section measurements of fluorescein (l = 1300 nm), wtGFP (l = 1300 nm), indocyanine green (l = 1550 nm), and SR101 (l = 1680 nm), and four-photon cross section measurements of fluorescein (l = 1680 nm) and wtGFP (l = 1680 nm) [49, 50] . Simultaneous efforts have focused on the development of compounds with enhanced multiphoton properties [51] . In addition, improved red-shifted calcium indicators with advantages for deep in vivo imaging are being designed to rival the sensitivity of GCaMP6 [26] . Together, the characterization of existing contrast agents and the development of novel chromophores for MPM will identify and produce probes that are sufficiently bright and photostable to overcome background fluorescence and scattering in vivo.
Applications of deep multiphoton microscopy
MPM has been widely adopted by the neuroscience community due its ability to perform minimally invasive three-dimensional imaging in vivo with cellular resolution. The imaging depth achievable with MPM has made it a powerful tool to study the morphology and dynamics of neuronal circuits and vascular networks in the rodent cortex. Due to the availability of longer wavelength excitation sources and brighter fluorophores with two-photon absorption peaks beyond 1000 nm, imaging depths beyond 500 mm for MPM are becoming routine. Examples of deep tissue imaging obtained using recent technological advances described herein are presented in Figures 3 and 4 . Figure 3 demonstrates deep imaging of vasculature and neuron morphology. In panels (a) and (b), an ytterbium fiber laser was used to simultaneously excite layer V pyramidal neurons transgenically labeled with YFP (B6.Cg-Tg(Thy1-YFP)HJrs/J) and vasculature perfused with Texas Red. In panels (cee), an optical parametric amplifier was used to excite vasculature perfused with Texas Red; (e) demonstrates that vascular morphology can be vectorized for analysis at [27] , pink diamonds from Harris [28] , teal triangles are from Kobat et al. (2009) [29] , and gray inverted triangles are from Xu et al. (1996) [30] . The calculated normalized photon fraction of excitation light that reaches 1 mm into brain tissue (normalized to 1300 nm, analogous to Figure 1 solid blue line) is overlaid as background fill, where the color scale ranges from 0.01 (red) to 0.5 (white) to 1.6 (blue). Figure 3 confirm the ability to visualize and track deep neurovascular structure.
Functionalized probes that reveal neural dynamics are enabling studies of neural circuits in the cortex and even the hippocampus. Recent work on this front by Ouzounov et al. (2017) is highlighted in Figure 4 , which demonstrates functional imaging of CA1 hippocampal neurons labeled with GCaMP6s using an optical parametric amplifier at 1300 nm with a 55 fs pulse duration [40] . Panel (a) depicts the characteristic honeycomb arrangement of neurons found in the stratum pyramidale (SP) layer of a mouse hippocampus, and panel (b) shows fluorescence time traces from neurons labeled in (a), recorded at a frame rate of 8.49 Hz. Calcium transients due to spontaneous neural activity were clearly observed. CA1 hippocampal neurons have also been observed with a high-peak power gain-switched laser diode at 1064 nm with a 7.5 ps pulse duration [52] . 
Conclusion and future directions
To image deeper into highly scattering environments such as brain tissue, the MPM imaging community is trending toward using longer excitation wavelengths. We provide motivation for using excitation wavelengths near 1300 and 1700 nm. Future directions for MPM include the development of brighter fluorophores with peak brightness near these biological optical windows to enable reliable structural and functional imaging of the mouse cortex and deeper layers such as the hippocampus. Commercially available turn-key systems designed for deep imaging near 1300 and 1700 nm have recently become available and reliable, which will drive the adoption of MPM for neuroscience studies.
The extended penetration depth of multiphoton fluorescence imaging enabled by the synergistic development of longer wavelength systems and brighter, compatible fluorophores shapes a new paradigm in optical microscopy. No longer will optical microscopy be limited to the observation of cell monolayers, shallow tissue, or transparent biological organism. Rather, MPM may be used to examine previously inaccessible layers of tissue anatomy, such as the corpus callosum and hippocampus of mouse brain, and used to more readily probe optically dense samples including connective tissue, skin, lymph node, muscle, kidney, and tumors. In particular, tumor disease diagnosis will undoubtedly experience gains in sensitivity and specificity as imaging depth and signal-to-background ratio are improved. In the absence of efficient fluorophore excitation, investigators are forced to compensate by increasing laser power levels and risking photodamage to highly sensitive cell and tissue functions, including cell migration and signaling. Eliminating the need for dangerously high laser power levels will allow us to observe these processes unperturbed.
With these accomplishments in MPM, the next frontier for high resolution neuroimaging is the combination of optical imaging with photostimulation (i.e. calcium imaging channel rhodopsins). With future technology improvements in lasers and fluorophores, MPM will continue to play a vital role in neuroscience investigations of rodents and move into higher level vertebrates. 
